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Abstract 
The main goal of the study is to test teaching materials designed for making particle physics conceptually relevant for secondary 
school students. In designing the materials the concept of symmetry has been assumed as core-idea because of its structural and 
foundational role in particle physics, its crosscutting character and its epistemological and philosophical value. The materials 
have been tested in a pilot-study which involved 19 students of a regular class (grade 13) of an Italian school. The data have been 
collected through: a) a questionnaire on a selection of the teaching materials; b) audio-recordings of a lecture (2 hours) and of a 
classroom discussion (1 hour); c) individual written essays. The data analysis shows that the students were in their “regime of 
competence” for grasping subtle nuances of the materials and for providing important hints for revising them.  
1. Introduction 
The reformed secondary school curriculum in Italy (Miur, 2010) requires students of “Liceo Scientifico” to 
address, at grade 13, topics of contemporary physics, including particle physics. Because of the advanced and 
specialized character of the topic, textbooks usually present particle physics as a fragmented patchwork of notions 
(pieces of historical information, experimental results, theoretical hypothesis) which sounds as a sort of “appendix” 
to the central body of knowledge represented by classical physics.  
The main goal of the study is testing teaching materials designed for making particle physics conceptually 
relevant for secondary school students2.  
In designing the materials, the concept of symmetry has been assumed as core-idea because of: i) its structural 
and foundational role in particle physics; ii) its crosscutting character, and iii) its epistemological/philosophical 
value. 
In Section 2 the experiment design is presented by describing the classroom context (§2.1), the materials which 
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have been presented to students and their rationale (§2.2) and the data sources (2.3). In Section 3 methods of data 
analysis (§3.1) and findings (§3.2) are discussed. In Section 4 conclusions and recommendations are drawn.  
2. Experiment design 
2.1. The classroom context 
The experiment involved a regular class of 19 students, grade 13 of an Italian scientifically oriented secondary 
school (Liceo Scientifico “A. Serpieri”) in Rimini (teacher M. Rodriguez).  
The class takes physics as a mandatory course through the five years of upper secondary school (grades 9-13). 
During the first two years the teacher guides students in their knowledge construction of pre-theory structures 
(natural phenomena and physical concepts) suitable for the phenomenological description of motion, heat, light and 
vision, waves. This approach implies emphasis on laboratory activities. Basing on that knowledge, the teaching later 
turns to the expansion of the acquired knowledge as well as its re-arrangement in terms of physical theories starting 
from the third year (grade 11). At the moment of the experiment the students had already addressed classical 
mechanics, thermodynamics, electromagnetism, special relativity and quantum physics. The topics of modern 
physics were approached according to the perspective elaborated by the research group of Bologna, where a crucial 
role is played by the epistemological reflection (Levrini 2002; Levrini and Fantini, in press)3. During their studies, 
the students gained and refined epistemological competences also thanks to the course of “History of Philosophy” 
that they have to take since grade 11. 
In the phase of the design of the experiment the teacher described students as “not very diligent, some of them 
with learning difficulties but very interested in discovering how  things work”. Relying on curiosity, the teacher 
involved the class in a series of extra-school activities such as conferences and the visit to astronomical observatory 
and research centres.  
2.2. The materials 
The materials used in the experiment consist of a document about antimatter and in a lecture, held by one of the 
researchers (EB), where students were introduced to the essential aspects of particle physics.  
More specifically, the document includes two different texts on the same topic (antimatter): the first text is taken 
from the website of the Exploratorium in S. Francisco 4 since, in researchers’ opinion, it represents a refined example 
of the common, paradigmatic, way of introducing antimatter to a non-specialized audience; the second text has been 
elaborated by the researchers as another way of introducing antimatter by assuming symmetry as “key-concept”. 
The symmetry observed in a bubble-chamber when the electron-positron pair is produced is discussed in the light of 
the symmetries that can be observed in other situations (e.g. an ice-crystal and a musical sheet). 
The 2 hour lecture was divided in three segments: each segment focuses on a specific aspect concerning 
symmetries in contemporary particle physics. In particular: 
-  the first part of the lecture (“Symmetry and the properties of space and time”) aims at presenting the 
distinction between “symmetry arguments” and “symmetry principles” as the very turning point of contemporary 
science. The original paper of Einstein “On the electrodynamics of moving bodies”, already known by the students, 
is re-considered to stress how Einstein derived Lorentz’s transformations by applying space-time symmetries, 
assumed as general principles; 
-  the second part (“Symmetry and properties of the particles”) aims at showing that, from Einstein on, the 
“symmetry principles” have been used not only for describing the feature of space and time (“geometrical 
symmetry”) but also for describing the properties of the micro-objects such as the electric charge or the spin 
 
3 The teacher M. Rodriguez is part of the research group in Physics Education of the University of Bologna 
4 The text “Antimatter” is available at http://www.exploratorium.edu/origins/cern/ideas/antimatter.html   
681 Eugenio Bertozzi et al. /  Procedia - Social and Behavioral Sciences  116 ( 2014 )  679 – 685 
(“internal symmetry”). Special attention is paid to discrete symmetries like “charge conjugation” (C), parity (P) and 
CPT (combination of “charge conjugation”, “parity” and “time reversal”) as well as on the historical case of parity 
violation in weak interactions as it was discovered by Madame Wu; 
-  the third part (“Symmetry, classification and prediction”) aims at stressing the roles played by symmetry in 
establishing particle physics since the second half of XX Century: in particular, it is shown how the concept of 
symmetry allowed the mess of data coming from the study of cosmic radiation to be classified and that concept 
ended up to become a crucial argument to predict the existence of “new” objects (e.g. the discovery of the particle 
Ω-, the quark hypothesis by Gell-Mall and Ne’eman in ‘62 and the discovery of the W and Z bosons by Rubbia in 
‘83).  
2.3. Data sources 
Data on the students’ reactions to the teaching materials were collected through: a) a questionnaire designed to 
guide the students in a critical analysis of the two texts about antimatter; b) audio-recordings of the lecture and the 
classroom discussion which was carried out the day after the lecture; c) an individual written task. 
a) the questionnaire was given to the students 5 days before the Lecture and the answers were collected by the 
researchers after 4 days: it included 11 questions (4 questions on text 1, 4 on text 2 and 3 questions focussing on the 
comparison between the two texts). In the questionnaire, students were asked to: - point out the main message 
regarding antimatter presented in each of the two texts; - evaluate the effectiveness of each text in communicating 
the main message; - compare the two texts in terms of their meaningfulness and cultural relevance. The questionnare 
was answered by 17 students out of 19. 
b) The audio-recorded materials concerned: - the whole lecture (2 hours) which included 10 minutes of collective 
discussions after each segment; - the classroom discussion (1 hour) where students' answers to the questionnaire 
were shared and collectively discussed in the light of the knowledge introduced in the lecture. The discussion was 
led by the researchers (EB and OL). 
c) The individual written task was performed 3 days after the lecture. In the task students were asked to: - 
calculate the energy of a pair production in a subnuclear reaction; - discuss the meaning of the words symmetry, 
invariance and conservation in relation to the process. 5 
3. Data analysis: methods and findings 
3.1. Methods of the analysis 
The main goal of the pilot-study is to answer the following General Research Question (GRQ): Are the designed 
materials within the reach of secondary school students? 
In order to structure the process of data analysis, the GRQ was articulated in two Specific Research Questions: 
SRQ1: Are the students able to recognize and appreciate the roles played by symmetry as they are proposed in 
the texts of the questionnaire and in the lecture? 
SRQ2: Are the materials able to support productive disciplinary engagement (Engle&Conant, 2010) of the 
students? 
In order to answer SRQ1, the analysis was carried out throughout two stages:  
A. Analysis of the answers to the questionnaire, based on two operational criteria: search for the specific roles 
of symmetries emphasized by the students; search for the controversial points and/or difficulties met by the 
students in interpreting the meanings and the roles of symmetry as they are proposed in the materials.  
B. Analysis of the transcript of the discussions and of the written tasks, aimed at detecting if and how the 
lecture provided a contribution in widening, refining and/or revising students’ ideas about the various roles 
 
5 The written task was part of a simulation of the final graduation exam, whose format foresees a quantitative exercise (on electromagnetism or on 
modern physics) and a written essay. 
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played by symmetry and what new difficulties came out. 
In order to answer SRQ2, moments of students’ discussions were selected so as to zoom on the kind of dynamics 
occurred in the class. A narrative style was chosen for describing and interpreting what was happening.  
     In the next Section the preliminary results of the analysis are presented. 
3.2. Findings 
3.2.1. The roles of symmetries emphasized by the students 
Table 2 sums up the different roles ascribed by the students to the symmetry in analysis of the two texts about 
antimatter. For each role (category) an exemplar sentence and the number of students contributing to it are reported6: 
 
 Table 1. Roles of symmetry 
 
 Roles of symmetry Exemplar sentences Number 
of 
students 
a) A property which can 
differentiate physics 
experiments from daily 
experience 
“[from the second text we realize] the asymmetry which takes place between phenomena 
belonging to our daily experience and those observed in the lab (like, for example, CERN); 
the problematic issues related to the origin of the Universe where we live with the 
consequent hypothesis that the symmetry characterizing the phenomena occurring in the 
Universe had been necessarily violated at least once in 14 billions of years (so as to allow the 
evolution of the Universe as we know it today)” (Alice)  
 
10 
 
 
b) 
 
 
 
 
c) 
 
 
 
 
 
d) 
 
 
 
e) 
 
 
 
 
f) 
 
Fundamental way of thinking 
in physics and/or in carrying 
out research 
 
 
A form of regularity 
observed in particular 
experimental contexts and 
ascribed (more or less 
properly) to Nature 
 
An intrinsic property of 
Nature, to be discovered by 
scientists 
 
An interesting concept able 
to point out smart 
connections between 
different cultural fields 
 
No role 
 
 
“Scientists try to explain the world around us by means of laws of symmetry and, if they find 
some anomalies, they try to discover their origin and to solve them […]. '[the second text on 
antimatter] provides us with information not only on antimatter but, just, on the way of 
thinking of physicists themselves and on what pushes scientists to research” (Isabella) 
  
“It is supposed, as it can be observed in many phenomena in the lab, that the Universe has to 
respect a certain symmetry. Maybe things, when we talk about the Universe, are more 
complex, and none guarantees that the laws of symmetry hold” (Michele) 
 
 
 
“[the second text on antimatter] shows, with examples taken from daily life, music, ice and 
CERN's image how the world is symmetric” (Alex) 
 
 
“[Symmetry, as it stressed in the second text, allows] different fields to be put in parallel: 
music, materials physics and particle physics” (Matteo)   
 
1 
 
 
 
 
1 
 
 
 
 
 
2 
 
 
 
7 
 
 
 
 
2 
 
The table shows, as we expected, that most of the students emphasized the main roles described in the text (role a 
and e). However the most interesting result is that the materials encouraged four students to point out very 
sophisticated roles of symmetry that were designed to be emphasized and discussed in the lecture (roles b, c, d).  
Only very few students said that they met problems in reading the texts. Yet, three students remarked the same 
problem:  
 
'The message has been correctly exposed with all the necessary references especially in the final part where the 
 
6 Although the total number of students answering the questionnaire was 17, the total score is 23 because 6 students emphasized two roles of 
symmetry. 
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absence of antimatter in daily life is discussed. What it is not sufficiently explained  is the concept of “property of 
the phenomenon”, I mean, what kind of entity the phenomenon is and how it can have  its own characteristics; 
nevertheless, as a whole,  it is well explained' (LUCA, Q). 
 
The collective discussion carried out after the lecture was opened by Luca who wished to share with his 
classmates this problem. The follow-up discussion allowed the roles b, c, d to become part of the classroom 
discourse, also thanks to the arguments introduced by the lecture. The analysis of a piece of transcript reported in the 
next section will provide an example of analysis supporting these claims.  
3.2.2. The kind of classroom dynamics triggered by the materials (SRQ2) 
At the beginning of the discussion, Luca’s question was re-shaped and re-formulated by another student, 
Lorenzo. This reformulation allowed the students to clearly express the essence of the problem: 
LORENZO: I thought that contemporary physics considers symmetry a fundamental principle. Seeing symmetry 
in the phenomenon...it seems strange. It seems that you can have different symmetries according to different 
phenomena. Maybe here in the case of the photon I have a certain symmetry while in another.... 
LUCA: So, is it a fundamental principle or something that you observe and understand that it is always there? 
Lorenzo’s version shows that the origin of the problem is the gap between the general validity of symmetry 
principles, as they had in mind, and the special character of that symmetry (the conjugation-charge symmetry) that 
could be observed in the pair production of matter-antimatter.  
At this point one of the researchers (EB) invited the students to consider another process: 
R: Ok, let's consider the reaction of yesterday that was...pions and proton which goes in sigma and [writing on 
the board]...here there's not a symmetry with respect to an axis.  
LUCA: but there's symmetry with respect to the electric charge. 
The new case, recalled by the researcher, encouraged the students to re-think about the problem and to find out 
new words for expressing it: 
LUCA: Symmetry means a 'principle of conservation of something'. It is because of that… I was a little bit 
distracted...I mean, for me, a visual symmetry is only visual. 
ALICE: Exactly, so when we speak about symmetry...we do not necessarily mean a space symmetry… 
The new focus of attention is the “principle of conservation of something”. The students are seeing now the 
possibility of moving the meaning of symmetry from a special case (a symmetry that can be “visualized” in special 
experiments) to a more general one. Alice stresses the point by translating the word “visual” into the more technical 
and precise word “space symmetry”. She is probably aligning the notion of symmetry they were discussing with the 
definition of symmetry which they had studied in the math class. 
At that point of the discussion, the researcher recalls another point addressed during the lecture:  
R: In the “ship” (naviglio) of Galileo, what is the symmetric object?  
LORENZO: The laws of mechanics.  
[…] 
ALICE: So, instead of symmetry, cannot we talk about...?  
OL: ...invariance. 
ALICE: yes, invariance.  It makes more sense. 
[…] 
MATTIA: So we could consider the law as a symmetry axis. 
The piece of discussion highlights, on one hand, at least two weaknesses in the materials and, on the other hand, 
the ability of the students to account for the problems they have met. 
The first weakness is related to the choice of introducing symmetry by focusing on change-conjugation and by 
means of “visual analogies”. This was too simplistic for the students. It made them feel a sort of distrust toward the 
way in which the symmetry was presented in the materials. A fragment taken from the discussion occurred during 
the lesson seems to suggest an hypothesis for interpreting the students’ reactions to this issue: 
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“in Philosophy we studied Hamming*[...]. Hamming discussed with Wigner on the fact that the laws of 
mathematics work so good...and we had a discussion if, for Einstein, observation or theory comes first...in few 
words Einstein was so convinced of his own theory that he did not search for proofs in nature. I understood that he 
mostly searched for mathematical proofs that is: 'what mathematics says it is what happens in nature” (LUCA, L) 
 
The impressive philosophical competences of the students had created special expectations in learning physics: 
the general principle of symmetry was expected to be seen in action. The students were however able to make their 
expectations explicit and to push the researchers to make the physical reasoning more and more sophisticated. 
The second weakness is related to the choice of avoiding, in the lecture, an explicit comparison between the 
terms symmetry, conservation and invariance. The choice proved to be not a simplification, as we had supposed, but 
a complication. Students needed a more articulated language for solving their problems of aligning their physics 
knowledge with their philosophical expectations. Yet, the collective involvement in the discussion allowed them to 
dare to address the problem and to build a collective language suitable to fix their specific problems.  
Going back to the SRQ2, the analysis shows that the students provided a fundamental contribution to create a 
very lively and productive learning environment which seems to fulfill all the conditions for fostering Disciplinary 
Productive Engagement (Engle & Conant, 2002): (a) subject matter was systematically problematized; (b) students 
took the authority to address the problems; (c) students provided accountability to others and shared disciplinary 
norms, and (d) students took into account relevant resources provided by the teachers and the researchers.  
The active role of the students in creating the conditions for a Disciplinary Productive Engagement is, in our 
opinion, a strong argument for supporting a positive answer also to the GRQ: the students were in their regime of 
competence for appreciating the materials and for providing fundament contributions for improving them. 
4.   Conclusions 
We conclude by recalling the main goal of the study of making particle physics (usually presented as an 
“additional appendix”) conceptually relevant for secondary school students.  
The analysis of students’ reactions seems to confirm that a promising way for achieving that goal has been 
intercepted. On the other hand, it must be observed that the students’ reactions documented in the study are strictly 
dependent upon the unusual classroom context. What makes the context special is however neither a pre-selection of 
the students, nor the official programme of the school. The difference is made by the teacher who planned and 
covered the official curriculum from a longitudinal perspective, by engaging students in cultural activities and by 
switching on the epistemological dimension in a progressive and effective way. Other studies carried out with 
teachers who share the same perspective show that this kind of classroom context, although not usual, present 
reproducible features (see, for example, Levrini et al., preprint; Levrini, Fantini, 2013). 
Future developments of the study will be the improvement of the teaching materials and the design of new 
teaching experiments and research activities.7 
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7 Moreover, the results obtained so far represent the basis of a study, now in progress, aimed at designing a virtual exhibition where the cultural 
potential of the concept of symmetry is explored by the use of contemporary science communication media. The project of the exhibition is 
developed within the research activities of the Interdepartimental Center of Educational Research and in collaboration with the “Museo Officina 
dell’Educazione” (MOdE) of the University of Bologna (Bertozzi, 2013a) .  
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